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fion 3 we present observations with SCATHA near the magnetopause, including the particle and magnetic field signature of the LLBL and ULF waves in that region. In section 4 we describe magnetic pulsations in the magnetosphere. In section 5 we discuss the generation mechanisms of ULF waves in the LLBL and the coupling of the waves to the magnetospheric pulsations.
INSTRUMF. NTATION
We mainly use magnetic field and particle data acquired by four high-altitude spacecraft, SCATHA (also known as P78-2), AMIrrE CCE, GOES 5, and C•ES 6. SCATHA has an apogee of 7.8 Rs, a perigee of 5.3 Rs, an inclination of 7.8 ø, and an orbital period of 23.6 hours. The satellite is spin stabilized with a spin axis parallel to the spacecraft orbital plane and nearly perpendicular to the Sun-Earth line. It had a spin period of 62 s for the time interval studied. CCE has an apogee of 8.8 Rs, a perigee of 1.2 Rs, an inclination of 4.8 ø, and an orbital period of 15.7 hours. CCE is also spin stabilized with a spin axis maintained within 30 ø of the SunEarth line and a spin period of 5.9 s. The GOES spacecraft are geostationary at geographic longitudes of 74øW (GOES 5) and 08'w (oo.s 6).
All these spacecraft are provided with flux gate magnetometers. Each magnetometer has an amplitude resolution equal to or better than 0.2 nT, which is sufficient for studying ULF waves near the magnetopause and in the magnetosphere. The time resolution is 0.25 s for SCATHA, 0.124 s for CCE, and 3 s for GOES 5 and GOES 6. Descriptions of the experiments are given by Fennell [1982] for SCATHA, by Poretara et aL [1985] for CCE, and by Grubb [1975] for GOES 5 and GOES 6.
Particle data useful for the present study are available from SCATHA and CCE. These are acquired with the low-energy electron and ion experiment, called SC2, on SCATHA [Fennell, 1982] and with the medium-energy particle experiment ( development of a storm time ring current, which is consistent with the large dip in the Dst index which is evident after 1200 UT (Dst has a time resolution of 1 hour). We attibute the enhanced geomagnetic activity after 1140 UT to southward orientation of the IMF, as will be dicussed below.
During the period from 0930 to 1140 UT the IMF was probably oriented northward (unfortunately, there were no in situ solar wind plasma or IMF observation). The evidence comes from the lowaltitude satellite DMSP F7. During its polar cap passes at 0943-0952 UT, 1037-1048 UT, and 1123-1133 UT its particle detector found electron precipitation patterns characteristic of a noxthward IMF. evidence that Bz is probably northward comes from the lack of clear or strong discrete auroral arcs during the transition through the nightside (2210 MLT) portion of the auroral oval. One important consequence of the northward IMF is that there was no substorm activity until 2 hours after the compression of the magnetosphere, as will be shown in section 3.3. After 1140 UT, SCATHA was in the magnetosheath and observed predominantly southward sheath field. The magnetospheric compression made it possible to observe the outer magnetosphere and the LLBL with spacecraft that usually stay in the midmagnetosphere (i.e., at or near geostationary orbit). In addition, it was fortunate that the compression did not cause magnetospheric substorms immediately. Substorms would have generated internal plasma and field disturbances which would have obscured ULF waves of external origin. Sibeck [1990] in terms of boundary motion, and the region of the bidirectional electron streaming was identified to be the LLBL. We describe the magnetic fields with reference to the region identifier from the particle data, shown between the traces for Bn and Br. The magnetosheath is evident from its southward magnetic field orientation which differs considerably from that in the magnetosphere. In the boundary layer the field magnitude is somewhat elevated from the magnetospheric level. This can be attributed to the gradual compression of the magnetosphere that occurred from ~1020 UT. The compression was such that SCATHA stayed in the There are considerable field oscillations in the boundary layer in the Pc 3-5 band (periods longer than 10 s). First, Br shows an irregular oscillation with peaks separated by 5-10 min and peak-topeak amplitude of ~20 nT or less. This oscillation is not limited to the LLBL but is also observed in the magnetospheric portion of the data without much reduction in amplitude. Second, a large-amplitude (-50-nT peak-to-peak) oscillation is evident in the radial (Bv) and azimuthal (Bo) components. The compressional component ß oscillates also, but its amplitude is much less than that of the transverse components. In the magnetosphere there is an oscillation in BD with amplitude less than 20 nT peak to peak. Much of the oscillation, however, is likely the result of satellite nutafion at 1-2 rain period (J. E Fennell, personal communication, 1989).
The lower three panels of Plate 1 illustrate higher-frequency oscillations for 1000-1200 UT using color-coded Fast Fourier transform (FFT) dynamic spectra from the full time resolution (0.25 s) magnetic field data. The spectra were calculated using 200 data points (50 s) with 50% overlap in successive steps. The color code indicates the power spectral density relative to a reference power law spectrum, (f/)S)-2 with f0 = 1 I-Iz. The local proton gyrofrequency (1.8-2.0 Hz) is near the upper frequency limit of display except in the magnetosheath. As was the case with the particle data, the magnetosheath is the easiest to identify: it exhibits a strong broadband spectrum in all components. The magnetosphere is characterized by a quiet background and a discrete oscillation in Bo near 0.8 Hz (-0.4f½•). Elliptically polarized ioncyclotron waves near 0.4f•n+ have often been observed by CCE in the dayside magnetosphere near apogee of (8. The variation of oscillation amplitude within the LI•L suggests that either the wave amplitude spatially varied within the boundary layer or there was a temporal variation in the solar wind condition that briefly suppressed wave amplitude at ~1050-1100 UT. Conceming the former possibility, we note that Song et al. [1990] suggested in a case study that the LLBL near the subsolar point consists of a inner layer and an outer layer and that the field variation in the 0.4-2 Hz band is stronger in the outer layer. Our result is qualitatively consistent with the Song et al. observation; hence the two-layer structure of LLBL might be common. To confirm that such a structure is spatial rather than temporal, of course, requires a simultaneous plasma observation in the solar wind. This cannot be done in the present study.
ULF waves near the magnetopause. We now examine in more detail magnetic field oscillations in or near the LLBL. 
Multisatellite Observations in the Magnetosphere
In this section we study ULF waves in the magnetosphere, after briefly describing magnetospheric conditions during the compression of the magnetosphere.
Magnetic fteM and particle overview. Figure 14 shows a comparison of 3-s averaged magnetic field observations from the four spacecraft. The magnetic fields for GOES 5, GOES 6, and CCE are presented in the dipole VDH coordinates, where tx (northward) is antiparallel to the Earth's dipole axis, •o is magnetically east, and tv = tv x t• At 0923 UT the magnetic field was compressed at all sp0recraft with ABr ranging from 10 nT at GOES 6 to 30 nT at CCE. At GOES 6 and CCE, located at earlier local times, the field change was followed by ~30 min of azimuthal field deflection. At each spacecraft, magnetic pulsations are seen after the compression. Then, starting at -1135 UT, Br increased, probably as a result of an increase in solar wind dynamic pressure and at 1140 UT SCATHA was out in the magnetosheath (see also Figure 6 for the SCATHA data). By the time SCATHA entered the magnetosheath the sheath magnetic field had turned strongly southward. The time of the southward turning cannot be determined precisely, but it is likely that the solar wind dynamic pressure increase starting at 1135 UT accompanied a change in IMF orientation. After 1140 UT, southward magnetic field was observed by SCATHA until -1320 UT whenever the spacecraft was in the magnetosheath. The field direction is consistent with low-altitude observations. The two DMSP F7 polar cap passes at 1200 and 1305 UT (data not shown) strongly suggest a southward IMF configuration. There are two strong indicators. The first is a polar cap which We next discuss whether a 50-s wave could be generated in the upstream region, propagate to the magnetopause, and cause the observed 50-s oscillation. Upstream waves (periods near 30 s) are a well-established phenamenon attributed to plasma instabilities occurring near the bow shock, and the relationship between the occurrences of the upstream waves and Pc 3-4 magnetic pulsations is also well established [Nourry, 1976] Kelvin-Helmholtz instability. We next discuss whether the 50-s wave was excited in the LLBL by a K.-H.-type instability. In the theory of the instability the magnetic field and plasma configuration for the equilibrium boundary is important. In particular, the strength of the velocity shear, the thickness of the boundary, and the magnetic field on the two sides of the boundary all contribute to the instability threshold and to the properties of waves excited [Southwood, 1968; Ong and Roderick, 1972 In a plasma with a sheared flow, stability is provided by the magnetic field tension. If the fields on the two sides are parallel, they provide no restoring force to boundary distortions propagating perpendicular to the fields. Thus the boundary is unstable even with a very small velocity shear. We have inferred that IMF was northward at 0930-1130 UT, and if this is correct, then the sheath field could have been more nearly parallel to the õeomagnefic field and the magnetopause is more likely to have been Kelvin-Helmholtz unstable. On the other hand, magnetic fields across the inner edge of the LLBL are nearly parallel, so the instability will occur even with a very small velocity shear [Ogilvie and Fitzenreiter, 1989] . We proceed with the assumption that the instability occurred either on the magnetopause or in the LLBL.
Consistent with the K.-H. instability which should generate waves that decay with distance from the boundary, the power spectral density (PSD) of magnetic field perturbations at the 50-s period is substantially lower, well inside of the magnetosphere than in the LLBL. To quantify this point, we have listed in Table 1 the PSDs from the four satellites for the time interval of 1100 to 1120 UT. The distance L0 from the magnetopause to each satellite was estimated using the magnetopause shape illustrated in Figure 19 , which exhibits a peak at 14 and 20 mHz). Excitation of Alfvdn waves by external pressure pulses. The field magnitude in the magnetosphere and in the LLBL exhibits irregular oscillations, and they may drive magnetospheric pulsations. In Figure 14 we pointed out that Br at SCATHA shows a quasi-periodic oscillation with peak separations of 5-10 rnin and peak-to-peak amplitude reaching ~20 nT. The oscillation is present both in the magnetosphere (before 1035 UT at SCATHA) and in the LLBL (1035-1140 UT). Some of the major peaks in this oscillation are detected at GOES 5, for example at ~0957, ~1020, and 1034 UT, but the amplitude at GOES 5 is about half that at SCATHA. Therefore the 5-10 rnin oscillation appears to arise from solar wind pressure perturbations penetrating deep into the magnetosphere because of its presumably large azimuthal scale. Although the pulses are observed at 5-10 rnin intervals, it does not mean that they cannot excite pulsations at periods outside of 5-10 min. In fact, each pulse can be considered to represent an impulsive source whose frequency specmu• is very broad. Thus the pulse train would in effect represent a broad-band quasi-steady source wave for exciting standing Alfv6n waves at position dependent frequency [e.g., Hasegawa et al. < 10, where rn is the azimuthal wave number) and that the energy of the global mode may be transferred to the shear Alfv6n wave in the same manner as in the original field line resonance mechanism. The global mode theory of Alfv6n wave excitation predicts that the global mode has a frequency that is constant everywhere in the magnetosphere and that the Alfv6n wave is excited at the same frequency but on an L shell on which the Alfv6n frequency matches the global mode frequency.
We do not consider that this scenario is applicable to the pulsations observed at GOES 5, GOES 6, and CCE at ~1100 UT. The reason is that there was no great impulsive change in the field magnitude to drive the cavity mode and that there was no clear indication of a compressional oscillation with a single frequency over L shells. It is even doubtful if a global cavity mode was excited at the sudden Br increase at 0923 UT. In Figure 14 we find that at each spacecraft a few cycles of oscillation follows the sudden compression. However, the period of the oscillation is again position dependent: ~140 s at GOES 5, ~170 s at GOES 6, and ~370 s at CCE. These position-dependent periods are consis- 
CONCLUSIONS
In conclusion we have analyzed combined data from five spacecraft to understand the structure of the LLBL, the ULF waves in the LLBL, and the relation of the LLBL waves to magnetic pulsations in the magnetosphere. Both the intensity and the pitch angle distribution of the particles clearly show the presence of the LLBL for the time interval studied. The average magnetic field is rotated slightly at or near the LLBL/magnetosphere interface, which is consistent with a field-aligned current sheet with the region 1 flow direction. Our major results concerning ULF waves are summarized as the following:
1. A 5-10 min compressional perturbation is present both in the LLBL and the magnetosphere. This is most likely caused by pressure perturbations in the solar wind, because the perturbation was observed well inside the magnetosphere.
2. In the boundary layer, large-amplitude transverse oscillations are present. These can be separated into a 50-s oscillation and a higher frequency oscillation. The 50-s is likely a surface wave
